The flhD operon is the master operon of the flagellar regulon and a global regulator of metabolism. The genome sequence of the Escherichia coli K-12 strain MG1655 contained an IS1 insertion sequence element in the regulatory region of the flhD promoter. Another stock of MG1655 was obtained from the E. coli Genetic Stock Center. This stock contained isolates which were poorly motile and had no IS1 element upstream of the flhD promoter. From these isolates, motile subpopulations were identified after extended incubation in motility agar. Purified motile derivatives contained an IS5 element insertion upstream of the flhD promoter, and swarm rates were sevenfold higher than that of the original isolate. For a motile derivative, levels of flhD transcript had increased 2.7-fold, leading to a 32-fold increase in fliA transcript and a 65-fold increase in flhB::luxCDABE expression from a promoter probe vector. A collection of commonly used lab strains was screened for IS element insertion and motility. Five strains (RP437, YK410, MC1000, W3110, and W2637) contained IS5 elements upstream of the flhD promoter at either of two locations. This correlated with high swarm rates. Four other strains (W1485, FB8, MM294, and RB791) did not contain IS elements in the flhD regulatory region and were poorly motile. Primer extension determined that the transcriptional start site of flhD was unaltered by the IS element insertions. We suggest that IS element insertion may activate transcription of the flhD operon by reducing transcriptional repression.
An important source of genome plasticity is derived from transpositional events of insertion sequence (IS) elements (34, 35) . They generally encode no functions other than those involved in their mobility (for a review, see reference 30) and display a nonrandom distribution in the chromosome of Escherichia coli (9, 16) . Many IS elements have been shown to activate the expression of neighboring genes, for example, through the formation of hybrid promoters or disruption of transcriptional repression. This has also been seen with cryptic operons, which depend upon mutations for activation. Two examples in E. coli are the bgl and ade operons, which can be activated by IS element insertion upstream or downstream of the promoter (18, 42, 49, 50, 53) . The chitobiose operon, chb (formerly cel), was thought to be cryptic but can be induced by chitobiose, as well as being activated by IS element insertion upstream of the structural genes under noninducing conditions (40, 44) .
Flagellar motility enables bacteria to escape from detrimental conditions and to reach more favorable environments. In E. coli, the flagellar regulon involves the expression of at least 14 operons in a regulated cascade to produce functional flagellar and chemotaxis machinery (for a review, see reference 14) . The flhD operon at the apex of the flagellar regulon has been identified as the primary target of regulation by many environmental factors (for a review, see reference 61). It consists of two genes, flhD and flhC, whose products form a heterotetrameric transcriptional regulatory complex, FlhD/FlhC (29) . The flhD operon is a global regulator, having pleiotropic effects on gene regulation. Through microarray studies, an additional 29 putative operon targets of known function have been identified. These are involved in nitrogen and carbon metabolism and adaptation to anaerobiosis, mediated by the methyl-accepting chemotaxis protein Aer (47, 48) .
The flhD operon regulatory region is a direct target for several regulatory proteins: These are the cyclic AMP-catabolite gene activator protein complex, which is an activator in response to an alleviation of catabolite repression (60) ; OmpRϳP, which represses at high osmolarity (57) ; histonelike nucleoid-structuring (H-NS) protein, an activator (5, 60); LrhA, a repressor (27) ; RcsAB, a repressor (17) ; and HdfR, a repressor (23) . In two E. coli K-12 genome sequencing projects, IS elements were present in the flhD operon regulatory region: first, a 768-bp IS1 element was present for strain MG1655 (6); second, an 1,195-bp IS5 element was present in strain W3110, from sequencing of the Kohara library clone 339 (20) . In contrast, no IS elements were present in the flhD operon of other lab strains such as CS520 (4, 57) , FB8 (60) , and, intriguingly, MG1655 (27) .
In this study, we show that IS5 and IS1 elements can spontaneously insert into the regulatory region of the flhD operon and increase expression. We obtained an MG1655 stock from the E. coli Genetic Stock Center (stock CGSC 8003) and found that it contained cells which were poorly motile and had no IS1 element upstream of the flhD promoter. Extended incubation in motility agar identified motile subpopulations containing IS element insertions in the flhD promoter regulatory region. Furthermore, an IS element was present upstream of the flhD operon promoter for a number of different lab strains, and this was consistent with increased motility.
MATERIALS AND METHODS
Bacterial strains, plasmids, and primers. All strains used in this study are derivatives of E. coli K-12 and are listed with plasmids in Table 1 . All oligonucleotide primers used in this study are available upon request. The E. coli Genetic Stock Center has at least three stocks classified as MG1655; these include MG1655 (CGSC 6300), MG1655FnrϪ (CGSC 8003), and MG1655(Seq) (CGSC 7740). We have kept the designations assigned by the stock center to avoid confusion. We used stock MG1655FnrϪ (CGSC 8003) predominately in our experiments. It was previously designated MG1655 (CGSC 6300) but was found to have an fnr-267 mutation (59) . These three stocks of MG1655 all originated from a single sample of MG1655 sent to the stock center.
Growth conditions. Strains were maintained on Luria-Bertani broth agar plates (tryptone, 10 g liter Ϫ1 ; yeast extract, 5 g liter Ϫ1 ; sodium chloride, 10 g liter Ϫ1 [solidified with 15 g of agar liter Ϫ1 ]) at ϩ4°C for a maximum of 2 weeks. Strains were inoculated into the indicated volume of tryptone broth (TB) (tryptone, 10 g liter Ϫ1 ; sodium chloride, 5 g liter Ϫ1 ) as the edge of an individual colony and grown overnight with shaking (250 rpm). Thymine (20 g ml Ϫ1 ) was used to supplement the growth medium for all cultures when strain YK410 (thyA; Table  1 ) was grown. Penicillin (100 g ml Ϫ1 ) was added to media as required to maintain plasmids. All experiments were performed at 33°C, except where indicated.
PCR. PCR Supermix (High Fidelity) (Invitrogen) was used in the reaction mixtures according to the manufacturer's instructions; all primers were added at a concentration of 1 M. The reaction mix contained either 1 l of genomic DNA, 1 l from an overnight culture, or a picked (single) colony in a total volume of 50 l. The reactions were amplified with the following cycling conditions: initial denaturation at 94°C for 2 min followed by 27 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for between 1 and 4 min 30 s, depending on the expected product size; a final extension step of 72°C for 10 min was then applied. PCR products were analyzed by agarose gel electrophoresis (1.5% [wt/vol] agarose). PCR products were sequenced by the University of Illinois at Chicago Research Resources Center DNA sequencing facility.
Motility and growth rate assays. To investigate swimming motility, aliquots of 2 l from overnight cultures were inoculated into semisolid motility agar (TB solidified with 0.3% [wt/vol] agar). Swarm diameters were measured hourly, and swarm rates were calculated from the linear phase of a graph of swarm diameter against time. To determine the growth rate, overnight cultures were diluted 1:200 into 40 ml of TB in a 50-ml Falcon tube and incubated. The optical density at 600 nm (OD 600 ) was measured at 30-min intervals and used to calculate generations per hour. To examine the motility of cells by eye, an aliquot was taken from cultures at an OD 600 of 0.4 to 0.6 and visualized with the aid of a Zeiss light microscope and phase-contrast optics.
RNA isolation and cDNA synthesis. Overnight cultures were diluted 1:200 into 28 ml of TB in a 50-ml Falcon tube and grown to an OD 600 of 0.5. Growth of the cultures and RNA degradation were inhibited by adding 25 ml of culture to 2.5 ml of stop solution (5% phenol in ethanol). Bacterial pellets were stored at Ϫ70°C. RNA was isolated by a hot phenol-sodium dodecyl sulfate method (15) , with one phenol, one phenol-chloroform, and one chloroform extraction, followed by isopropanol precipitation. Final cleanup of the RNA was performed with an RNeasy minicolumn (QIAGEN). Synthesis of cDNA was performed using SuperScript II reverse transcriptase (Invitrogen) according to the manufacturer's instructions, modified to produce cDNA from 20 g of RNA with incubation at 42°C for 2.5 h. At the end of the incubation period, the residual RNA was removed by alkaline hydrolysis. The reaction mixtures were cleaned up by using Microcon YM-30 concentrators (Amicon), with four washings, each wash with 450 l of H 2 O, prior to elution.
Real-time PCR. PCR was performed with the SYBR green kit (PE Biosystems). The reaction mixture contained 100 ng of cDNA, 1ϫ SYBR green buffer, 2.5 mM MgCl 2 , a 0.25 mM concentration of each deoxynucleoside triphosphate, a 0.05 M concentration of each primer, 0.01 U of AmpErase UNG, and 1 U of Taq Gold polymerase. The reaction was performed with 50 cycles of 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C and monitored in an iCycler iQ real-time PCR detection system (Bio-Rad). A standard curve was derived from plasmids at known concentrations and used to convert threshold crossings to log copy numbers. All PCR fragments yielded a single band on an agarose gel.
Plasmid constructions. DNA manipulations, transformations, and restriction analyses were performed according to standard procedures (51) . Promoter region DNA was generated by PCR for the following operons: flhB, gltB, ompT, and gcvT. The fragments were first cloned into the pCR2.1-TOPO vector (Invitrogen) and were then directionally cloned into the EcoRI and SacI sites of the Photorhabdus luminescens luxCDABE-based promoter probe vector pDEW201 to generate translational fusions (67) .
Luminescence assay. Cells containing luxCDABE promoter fusions were diluted 1:200 into 30 ml of TB, with penicillin selection in a 50-ml Falcon tube, and grown with shaking. At 1-h intervals, OD 600 and light production over 2 s in a MiniLumat 9506 luminometer (EG & G Berthold) were measured. Primer extension. Primer extension was done by a modification of the method of Sambrook and Russell (51) . Briefly, 30 pmol of primer was end labeled with [␥-32 P]ATP (6,000 Ci/mmol, 10 Ci/l), using 30 U of polynucleotide kinase (Invitrogen) at 37°C for 30 min, followed by inactivation at 80°C for 10 min. To the end-labeled primer (26 ng), 50 g of RNA was added and ethanol precipitated using cold sodium acetate (pH 5.2), and the precipitate was washed with 70% ethanol. The primer was annealed to the RNA in reverse transcriptase buffer, and reverse transcription was then performed in 20 l with 200 U of Superscript III Reverse Transcriptase (Invitrogen) at 50°C for 90 min, followed by inactivation at 70°C for 15 min. Formamide-based stop solution (MBI Fermentas) (10 l) was added. A sequencing ladder was also prepared using the same end-labeled primer (2 ng) and 10 fmol of the flhD operon regulatory region DNA per reaction (A, C, G, T), using a CycleReader DNA sequencing kit (MBI Fermentas) according to the manufacturer's instructions. The samples were denatured and analyzed by denaturing polyacrylamide gel electrophoresis at 1,500 V for approximately 2 h using an 8% SequaGel (National Diagnostics). The image was visualized with a PhosphorImager (Molecular Dynamics).
RESULTS
Observation of motile subpopulations of MG1655 in motility agar. There are a number of versions of MG1655 (including CGSC 6300, 7740, and 8003) in the E. coli Stock Center. The sequenced version (CGSC 7740) is highly motile and has an IS1 element inserted into the promoter region. Another MG1655 stock (MG1655FnrϪ, CGSC 8003) is poorly motile and does not have an IS element in the promoter region. We have shown that from a population of poorly motile MG1655 cells a motile variant can be screened for by extended incubation on motility agar.
In the next experiment, to preserve each isolate for further analysis, a portion of the overnight culture (1 ml) was also frozen at Ϫ70°C as a 33% glycerol stock and genomic DNA was prepared (43) . An isolate of MG1655FnrϪ was inoculated into 25 ml of TB and grown overnight. Cells were inoculated across the center of a motility agar plate and incubated. Prior to 10 h, a dense slow outgrowth was seen for MG1655FnrϪ around the point of the inoculum (Fig. 1A) . However, after 10 h there was an outgrowth of motile subpopulations from this, represented by the formation of motility halos (Fig. 1B) . Motile subpopulation isolates were purified from the motility agar. A comparison of motility in motility agar at 33°C demonstrated that the swarm rate had increased sevenfold for the motile derivatives in comparison to the original poorly motile isolate (Fig. 1C) . The motility of the cultures was confirmed by microscopy, during late-exponential growth (OD 600 , 0.4 to 0.6). The motile derivatives were highly motile, whereas the original isolate showed motility only slightly above that attributed to Brownian motion (data not shown). There was no difference in growth rate for the motile derivatives in comparison to the original isolate of MG1655FnrϪ in tryptone broth at 33°C; both divided at 1.9 generations h Ϫ1 . Complementation of an original poorly motile isolate of MG1655FnrϪ by FlhD/ FlhC expressed from a plasmid conferred increased motility (Fig. 1D ). This suggested that MG1655FnrϪ was poorly motile due to reduced expression of the flhD operon. No outgrowth was seen in motility agar for MC4100 (flhD), which is nonmotile (Fig. 1E) .
Presence of IS elements in the flhD operon regulatory region of laboratory strains. The sequenced MG1655 isolate obtained from the E. coli stock center [MG1655(Seq), CGSC 7740] was motile and contained an IS1 element in the regulatory region of the flhD operon (6). In the study by Lehnen et al. (27) , MG1655 was poorly motile and the flhD sequence was without an IS element insert. This suggested that an IS element insertion in the flhD operon regulatory region might increase expression. A PCR screen showed that an approximately 1,200-bp insertion had occurred in the regulatory region of the flhD operon of six motile isolates of MG1655FnrϪ purified from motility agar (Fig. 2) . Sequencing demonstrated that an 1,195-bp IS5 element insertion had occurred in the flhD operon regulatory region.
Several laboratory strains derived from K-12 were investigated for the presence or absence of IS elements in the flhD operon regulatory region and their relative motilities ( Table  2 ). The lineage of strains MG1655 and W3110 is well documented (Fig. 3) , so strains W1485 and W2637 were examined. Four strains were examined which have been used in studies of flhD regulation or chemotaxis, as they are motile and the motility might be expected to be due to an IS element insertion in the flhD operon regulatory region: FB8, RP437, YK410, and MC1000 (41, 47, 48, 60). Two additional strains examined were Gene expression characteristics for one of six motile subpopulation derivatives of MG1655FnrϪ purified from motility agar which had an IS5 element insertion in the flhD operon regulatory region were compared to those of the original poorly motile isolate ( Table  3 ). The derivative, named MG1655FnrϪ(motile), may not be isogenic with its parent, as it is possible that a secondary event also occurred in the genome in addition to the IS5 insertion during incubation of MG1655FnrϪ in motility agar. However, since five other motile candidates were also obtained which contained IS element insertions in the flhD operon regulatory region, this phenomenon appears specific. Real-time PCR was used to compare flhD and fliA mRNA levels of MG1655FnrϪ(motile) to its poorly motile parent. A modest increase in flhD mRNA levels of 2.7-fold was seen for the motile derivative, while levels of mRNA for fliA (a direct target of FlhD/FlhC) were 32-fold higher. Expression of various promoter fusions to a promoterless luxCDABE cassette from a moderate-copy-number plasmid in MG1655FnrϪ(motile) was compared that for its poorly motile parent. The gltB, ompT, and gcvT operons have been identified as candidates for FlhD regulation in the absence of FlhC, while the serA operon has been proposed as a target for regulation by FlhD/FlhC (47). The flhB operon was also examined as a flagellar control. In MG1655FnrϪ(motile), expression of flhB::luxCDABE was 65-FIG. 2. PCR screen for IS element insertion into the regulatory region of the flhD operon for MG1655FnrϪ and a motile derivative of MG1655FnrϪ purified from motility agar. MG1655(Seq) and W3110K were included as controls for strains with IS elements in the flhD regulatory region. The positions of the primers are shown (A). Two separate reactions were used; the reverse primer was the same in each case (5Ј-GGAATGTTGCGCCTCACCG-3Ј), but two different forward primers were used either downstream (PCR 1; 5Ј-CCCCCTCC GTTGTATGTGCG-3Ј) or upstream (PCR 2; 5Ј-CCTGTTTCATTTT TGCTTGCTAGC-3Ј) of an IS element insertion hot spot. (B) PCR products. PCR 1 was used to generate product in lanes 1 to 4. PCR 2 was used to generate product in lanes 5 to 8. The genomic DNA templates in the reaction mixtures were MG1655FnrϪ (lanes 1 and 5), motile MG1655FnrϪ purified from outgrowth of motile subpopulations of MG1655FnrϪ after incubation in motility agar (lanes 2 and 6), MG1655(Seq) (lanes 3 and 7), and W3110K (lanes 4 and 8) . The sizes of the molecular standards in lane M are noted to the right. Sequencing of the DNA confirmed an IS5 element had inserted into the regulatory region of the flhD operon of the motile derivative of MG1655FnrϪ (lane 6). a Coordinates of the target sequences of the IS elements relative to the transcription start site described by Soutourina et al. (60) are indicated in parentheses. All IS5 elements were oriented in the upstream direction, according to their defined left and right ends (25) . The IS1 in MG1655(Seq) was oriented in the downstream direction (38) .
b Swarm diameters were measured every hour for overnight cultures inoculated into motility agar with incubation at 33°C. Mean swarm rates are shown for at least three replicates; standard deviations were less than 20% of the mean in each case.
c The W2637 stock (CGSC 5290) also contained a high proportion of nonmotile cells. However, colonies that were composed of motile cells were used, as W2637 was reportedly derived by motility agar selection (3) and therefore should have a motile phenotype.
fold higher and expression of gltB::luxCDABE was 3.1-fold higher. There was only a small increase in expression for serA::luxCDABE, gcvT::luxCDABE, and ompT::luxCDABE fusions.
Additional genetic variation in MG1655 stocks. Recently, Soupene et al. (59) have shown that MG1655 stocks from different sources vary in several respects including the presence of a large deletion around the fnr locus (fnr-267) in some isolates. Stock MG1655FnrϪ (CGSC 8003) is now known to be a mixture of cells with (fnr-267) and without (fnr ϩ ) the deletion; hence, it has been renamed from MG1655 (CGSC 6300) to MG1655FnrϪ (CGSC 8003) (http://cgsc.biology.yale.edu/) (59). We always used individual colonies in our experiments, so the fact that this stock is a mixture is not important to our results. We screened the flhD operon from 20 colonies generated from stock CGSC 8003: 19 had an flhD operon regulatory region without an insert and were poorly motile, and one was comprised of motile cells with an insert which we determined to be an IS1 element, in the same position and orientation as in MG1655(Seq) (CGSC 7740). Using the PCR screen described by Soupene et al. (59) with primers fnr-5Ј and fnr-3Ј, we found that the motile isolate of CGSC 8003 was fnr ϩ , while the poorly motile isolates we used in this study did not produce PCR products, suggesting that they carried the fnr-267 deletion (data not shown). Isolates of a replacement stock MG1655 (CGSC 6300) were fnr ϩ and had an flhD operon regulatory region without inserts. These isolates were poorly motile and also formed motile subpopulations in motility agar, with purified isolates having IS element insertions upstream of the flhD operon (data not shown). Therefore, both fnr ϩ and fnr-267
isolates are capable of generating IS element insertions in the flhD operon regulatory region, so the variation at the fnr locus appears unrelated to the variation in strains at the flhD operon regulatory region, which we report here. Transcriptional control of the flhD operon and hot spots for IS element insertion in the regulatory region. Three insertion points for IS elements in the regulatory region were identified (Fig. 4) . In each case the target sequence becomes duplicated upon insertion to flank the element. Soutourina et al. (60) previously described the (ϩ1) transcription start site of the flhD operon regulatory region. A 4-bp target site (5Ј-TTAA-3Ј) exists at Ϫ96 to Ϫ99 bp for IS5 elements. An IS5 element was identified in strains W3110, MC1000, W2637, and MG1655FnrϪ(motile). In each case the orientation of the 1,195-bp IS5 element was in the upstream direction, according to its defined left and right ends (25) . MC1000 has a C3T substitution at position 1134 of the IS5 element. Another 4-bp target site (5Ј-CTAG-3Ј) for IS5 insertion exists at Ϫ166 to Ϫ169 bp relative to the transcription start site. An IS5 element was identified here for strains RP437 and YK410, and in both cases the orientation was in the upstream direction. The IS1 insertion target site was identified in strain MG1655 previously (6) . An 8-bp sequence (5Ј-CATTTATG-3Ј) at Ϫ100 to Ϫ107 bp was a target for a 768-bp IS1 element, isoform IS1A (also known as IS1E) (66) .
The transcription start site was unaltered by IS1 or IS5 element insertion in the flhD operon regulatory region, based on primer extension analysis (Fig. 5) . RNA was isolated from RP437 (IS5), MG1655(Seq) (IS1), and MG1655FnrϪ(motile) (IS5) for primer extension. A sequencing ladder showed that the transcriptional start site was the same as that determined by Soutourina et al. (60) . In that study strain FB8 was used, which is without an IS element insertion in the flhD operon regulatory region (60) . The transcriptional start site from FIG. 3 . Derivation of MG1655 and W3110. This information has been taken from Bachmann (3) and Jensen (21) . Below the strains (bold type) are the strain stocks from the E. coli Genetic Stock Center used in this study. The MG1655 stocks were generated from lyophilized cultures originating from a single sample sent to the stock center. The W3110 stocks were generated from different samples sent to the stock center. MG1655FnrϪ(motile) was obtained in this study by purification of isolates from the outgrowth of motile subpopulations of MG1655FnrϪ formed in motility agar. a The derivative, designated MG1655FnrϪ(motile) in this study, was purified from motility agar inoculated with MG1655FnrϪ after selection for motility. It contained an IS5 element insertion in the regulatory region of the flhD operon.
b Real-time PCR was used to determine copy numbers of flhD and fliA mRNA per nanogram of cDNA prepared from late-exponential-phase cultures (at an OD 600 of 0.5). Cultures were prepared in duplicate, and levels of transcript from each culture were measured four times.
c Batch cultures of cells containing luxCDABE promoter fusions were grown in triplicate, and light units and OD 600 were measured at seven points through the growth curve. Expression was calculated as specific light units per milliliter per OD 600 unit, and at each time point the ratio of expression for motile cells to that for poorly motile cells was derived. The mean ratio of expression for all time points is shown: Standard deviations are indicated.
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on September 8, 2017 by guest http://jb.asm.org/ poorly motile MG1655FnrϪ, which is also without an IS element insertion in the flhD operon regulatory region, was examined, but the signal was very weak (data not shown). This was consistent with this strain having reduced expression of the flhD operon, since the same quantity of RNA (50 g) was used in each cDNA synthesis reaction.
DISCUSSION
We have shown that IS5 and IS1 elements can spontaneously insert into the regulatory region of the flhD operon, increase expression, and improve motility. We have found that derivatives of E. coli K-12 can be separated into two groups on the basis of the absence or presence of an IS element in the regulatory region of the flhD operon, and we have been able to generate cells with an IS element insert there from cells without one. A modest increase in flhD expression of 2.7-fold by IS5 element insertion was observed and is significant because the signal becomes amplified in the regulatory cascade of the flagellar regulon. This modulation of flhD expression significantly increased fliA (32-fold) and flhB::luxCDABE (65-fold) expression. All the flagellar operons depend upon FlhD/FlhC for expression, and FlhD/FlhC has been shown to bind the flhB and fliA operon promoters directly and to activate transcription in vitro (29) . A gltB::luxCDABE fusion was moderately regulated by the increase in flhD expression, while serA::luxCDABE, gcvT::luxCDABE, and ompT::luxCDABE fusions showed slight regulation. These targets for regulation have been identified by microarray analysis by comparing expression ratios of the wild-type to those of flhD::kan, flhD, and flhC mutants and are less well understood in terms of regulation by FlhD/FlhC (in the case of serA) and FlhD alone (in the case of gltB, gcvT, and ompT) (47) . Since these operons are regulated by other factors in addition to control through the flhD operon, a 2.7-fold modulation in flhD expression would be expected to have a less marked effect than for a flagellar target. The flhD operon is not cryptic like the bgl and ade operons, since cells without an IS element insertion in the regulatory region were poorly motile, not nonmotile, flhD expression was 2.7-fold lower, and light production from flhB::luxCDABE was still significant in MG1655FnrϪ (data not shown).
The mechanism of increased expression of the flhD operon by IS element insertion into the regulatory region is not by the formation of hybrid promoters, since the transcriptional start site was unaltered in primer extension analysis. This implies that activation has occurred through a decrease in transcriptional repression. Examples of disruption of transcriptional repression in E. coli include ompC, where an IS1 element insertion perturbed regulation by OmpR (39) ; sodA, where an IS5 element was suggested to abolish repression by Fur (8) , and fnr, where the autoregulation was postulated to be dis- rupted by IS5 element insertion (7) . The binding sites of the repressors LrhA and OmpR appear to be affected by the IS1 insertion point and the downstream IS5 insertion point (Fig.  4) . For the bgl and ade operons, gene silencing is abolished by IS element insertion through a mechanism which has been suggested to involve disruption of a repressing nucleoprotein complex of which H-NS is a component (11, 42) . In a study of the bgl operon, IS5 activation was abolished by internal deletions but was restored by providing an IS5-encoded gene product, Ins5A, necessary for transposition, in trans (53) . The implication is that interaction of Ins5A with the ends of IS5 leads to changes in the topology of the bgl promoter region. Analogous to the bgl and ade operons, the natural topology of the flhD operon regulatory region has been suggested to be partly provided by H-NS regulation, implying that an alteration of chromosome topology by IS element insertion may enhance flhD expression. Although, unlike the bgl and ade operons, where H-NS is a repressor, H-NS has been proposed as a positive regulator of the flhD operon (5, 60, 62) . H-NS regulation of the flhD operon is complex, however; although an hns mutant was nonmotile, in vitro transcription of the flhD operon by H-NS was negative (60) . Furthermore, part of the regulation by H-NS is indirect and occurs via HdfR (23) .
The two insertion points of IS5 fit the known preferred target sequence, YTAR (30) . It is known that IS1 elements can generate direct target duplications of 8 to 10 bp (and even 14 bp) and have a preference for AT-rich target regions, which is consistent with the target site identified in MG1655 (6, 30) . It will be interesting to determine the insertion frequency at each point and whether or not this is affected by the transcription factors which bind at that region. Although subpopulations having an IS element insertion upstream of the flhD operon promoter were more motile, and therefore have a selective advantage in motility agar, we are not suggesting that this is a case of directed evolution. The directed mutation hypothesis, which states that mutations occur more frequently when they are advantageous, has been rejected for activation of the bgl operon (31) . The flhD operon is under complex regulation to respond to the heterogeneous and transient environments E. coli encounters naturally. It will be important to determine how the IS element insertions affect regulation of the flhD operon and whether IS element regulation of the flhD operon is important for E. coli in its natural environment. Flagellar synthesis is known to inhibited by the following conditions: catabolite repression (1, 58, 68) , high temperature (1), high osmolarity (57), low pH (62), high concentrations of salts, carbohydrates, and low-molecular-weight alcohols (28, 55) , salicylate (26) , and acetate (46) . In contrast, expression of flhD increased after long-term adaptation to acetate and propionate (45) . Synthesis of flagella is also regulated by growth phase (2), transition from surface to liquid (19) , quorum sensing by QseBC (63), phosphatidylethanolamine and phosphatidylglycerol synthesis (22, 33, 54, 65) , heat shock proteins DnaK, DnaJ, and GrpE (56), and cell cycle control (32, 36) .
The level of motility of E. coli isolates in comparison to one another is obviously determined by more complex factors than the presence or absence of an IS element insertion in the flhD regulatory region. For example, the genome content of strains can be highly variable. Even in a comparison of W3110 and MG1655, which are closely related and have the same chromosome size, W3110 lacks ϳ80 of the ORFs (65 kb) present in MG1655 (37) . Furthermore, other cis-acting mutations such as point mutations in the regulatory region of flhD or trans-acting mutations in the genes for repressors of flhD could activate expression, or mutations elsewhere in the flagellar regulon may alter motility. If a larger sample of motile subpopulation isolates of MG1655FnrϪ had been purified from the motility agar, it is probable that other types of mutation would have been seen. Moreover, different strains may activate flhD regulation differently because of differences in IS element compositions of the genome (16, 52) . Also, some strains that are sufficiently motile may not form motile subpopulations in semisolid media. In conclusion, motility of E. coli is under complex regulation, of which IS element integration into the regulatory region of the flhD operon is part, and this can lead to inter-as well as intrapopulation diversity. 
